Abstract: Direct Metal Laser Sintering (DMLS) is a technique to manufacture complex functional mechanical parts from a computer-aided design (CAD) model. Usually, the mechanical components produced by this procedure show higher residual porosity and poorer mechanical properties than those obtained by conventional manufacturing techniques. In this work, a Co-Cr-Mo alloy produced by DMLS with a composition suitable for biomedical applications was submitted to hardness measurements and structural characterisation. The alloy showed a hardness value remarkably higher than those commonly obtained for the same cast or wrought alloys. In order to clarify the origin of this unexpected result, the samples microstructure was investigated by X-ray diffraction (XRD), electron microscopy (SEM and TEM) and energy dispersive microanalysis (EDX). For the first time, a homogeneous microstructure comprised of an intricate network of thin ε hcp -lamellae distributed inside a γ fcc phase was observed. The ε-lamellae grown on the {111}γ planes limit the dislocation slip inside the γ fcc phase, causing the measured hardness increase. The results suggest possible innovative applications of the DMLS technique to the production of mechanical parts in the medical and dental fields.
 The correlation between microstructure and mechanical properties was identified. 23  Results suggest important applicative potential of the production technique in the medical 24 field. 25
ABSTRACT 26
Direct Metal Laser Sintering (DMLS) is a technique to manufacture complex functional 27 mechanical parts from a computer-aided design (CAD) model. Usually, the mechanical 28 components produced by this procedure show higher residual porosity and poorer mechanical 29 properties than those obtained by conventional manufacturing techniques. 30
In this work, a Co-Cr-Mo alloy produced by DMLS with a composition suitable for biomedical 31 applications was submitted to hardness measurements and structural characterisation. The alloy 32 showed a hardness value remarkably higher than those commonly obtained for the same cast or 33 wrought alloys. In order to clarify the origin of this unexpected result, the samples microstructure 34 was investigated by X-ray diffraction (XRD), electron microscopy (SEM and TEM) and energy 35 dispersive microanalysis (EDX). For the first time, a homogeneous microstructure comprised of 36 an intricate network of thin ε (hcp)-lamellae distributed inside a γ (fcc) phase was observed. The 37 ε-lamellae grown on the {111} γ planes limit the dislocation slip inside the γ (fcc) phase, causing 38 the measured hardness increase. The results suggest possible innovative applications of the 39 DMLS technique to the production of mechanical parts in the medical and dental fields. 40 41 42
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INTRODUCTION 46
Nowadays, a new class of manufacturing methods are becoming increasingly important for the 47 Table 1 Composition corresponds to "type 4" CoCr dental material according to EN ISO 22674. 118 Rectangular parallelepipeds with size 250 mm x 4 mm and a thickness of 6 mm were sintered by 119 using the parameters reported in Table 1 . In order to minimize anisotropy, each layer was built 120 with the laser scanning along a specific direction. Layer-by-layer the scanning direction was 121 rotated by 25° with respect to the previous one. 122 123
Hardness measurements 124
Hardness tests were performed on the sintered samples using the Rockwell 
Structural characterisation 130
Structural and microstructural characterizations were carried out by X-ray diffraction (XRD), 131 scanning (SEM) and transmission (TEM) electron microscopy techniques. 132 XRD measurements were performed by a Bruker D8 Advance diffractometer operating with a 133
Cu-Kα radiation source at V= 40kV and I= 40 mA in the angular range 2θ=10 -90°. 134 SEM analyses were carried out by a ZEISS SUPRA 40 microscope equipped with a Bruker 135
Quantax energy dispersive X-ray microanalysis (EDX). Observations were performed on both 136 the as-received metallic powder and cross-sectioned sintered samples. Before observations, 137 samples surfaces were prepared using a conventional metallographic procedure and 138 electrochemically etched in the following conditions: HCl 0.1 M, 2V, 2 min. 139 TEM analyses were carried out by a Philips CM200 electron microscope operating at 200 kV 140 and by a JEOL JEM-2010 ARP microscope equipped with an Oxford Inca energy dispersive X-141 ray microanalysis (EDX). For TEM observations, samples were prepared by the conventional 142 thinning procedure consisting of mechanical polishing by grinding papers, diamond pastes and a 143 dimple grinder. Final thinning was carried out by an ion beam system (Gatan PIPS) using Ar 144 ions at 5 kV. 145 146
RESULTS 147

Hardness 148
The average Rockwell C hardness (HRC) value measured for the laser sintered samples is 47 149 HRC, a very high value considering that the usual range for cast Co-Cr-Mo alloys is from 25 to 150
HRC. 151 152
X-ray diffraction (XRD) 153
X-ray diffraction measurements were performed on both the Co-Cr-Mo powder used as raw 154 material for the DMLS process and on the different regions of the sintered samples (Fig. 1) . 155 
b)
The XRD pattern of the sintered sample is shown in Fig. 1b . The most intense and well-defined 164 peaks are a result of the simultaneous presence of both γ and ε cobalt phases, as indicated in Fig.  165 1b where each diffraction peak is indexed with the name of the corresponding Co phase. A 166 double indexation is reported for the most intense peak at 2θ=43.94° and the peak at 2θ=75.09° 167 because of the superposition of the reflections due to the ε and γ phases. The ε phase has a 168 hexagonal close packed (hcp) lattice with nominal parameters a=0.25031 nm and c=0.40605 nm 169 (ICDD card n. 5-727). By using the ε (100) and ε (101) peaks of the XRD pattern shown in Fig.  170 1b, the lattice parameters of the hexagonal ε phase formed in our alloy were determined to be 171 
Scanning electron microscopy (SEM) and microanalysis (EDX) 184
Scanning electron microscopy observations were performed on the as-received powder and on 185 the sintered samples. Particles forming the metallic powder are shown in Fig. 2 . 186 It is worth to note that the average composition of the powder and the sintered sample is almost 198 the same, as can be inferred from Table 2 . 199
The inner structure of the sintered samples, as observed by SEM, is shown in Fig. 3 . Samples 200
were sectioned parallel to the laser beam direction, and SEM observations were performed after 201 a metallographic preparation of the surfaces followed by an electrochemical etching. The lines 202 separating the different weld pools produced by the laser scan on each layer are evidenced by 203 arrows in the image taken at low magnification, Fig. 3a . 204 to the other. In order to estimate the area fraction occupied by the columnar structures relative to 212 the matrix, several SEM images were processed by using an image analysis software [25] . An 213 area fraction of 45±5% was provided by software. This value, as a rough approximation, can be 214 considered as the volume fraction of the columnar structures relative to the rest of the sample. 215 216
Transmission electron microscopy (TEM) and microanalysis (EDX) 217
TEM observations of the sintered samples confirm the presence of the two ε and γ cobalt phases. 218
The ε phase forms as small lamellae inside the γ phase. The thickness of the ε phase lamellae is 219 1-2 nm, but in some cases, they tend to aggregate in the same region of the sample forming 220 alternate structures of ε and γ phases with lateral dimensions of up to 400 nm. 
Furthermore, as can be observed in Fig. 4b (top) , the spots of the ε phase are streaked in direction 240 of the {111} γ spots indicating that the lamellae grow on the {111} γ lattice planes and have a 241 small thickness in the <111> γ lattice direction. 242
In order to investigate the spatial distribution of the hcp lamellae in greater details, TEM 243 observations were also performed in the <111> γ zone axis orientation. 244 
DISCUSSION 275
The hardness values of the laser sintered samples are surprisingly high, considering the method 276 used for their realization. Generally, components produced by an additive manufacturing 277 technique, such as the Direct Laser Metal Sintering procedure used in this work, can be affected 278 by residual porosity and show poorer mechanical properties than those obtained by traditional 279 manufacturing techniques [22] . In our case, however, hardness results to be remarkably high, 280 even if compared to the same cast or wrought alloy. The explanation of this result is linked to the 281 inner structure of the samples, as will be discussed below. Furthermore, it must be stressed that 282 hardness is only one of the mechanical properties playing an important role in material selection 283 for application in the human body [12] . Other quantities such as tensile strength, Young's 284 modulus and elongation must be considered when the application range of a biomaterial is 285 samples. In particular, TEM observations reveal the formation of ε-martensite lamellae inside the 323 fcc-Co grains. These lamellae grow on the {111} planes of the cubic γ-phase and tend to 324 aggregate forming the columnar structures visible in the SEM images. Therefore, the columnar 325 structures visible in our SEM images although similar to other structure reported in literature, 326 have a completely different nature, never observed before. 327
As known, the hcp stacking sequence can be produced by introducing an intrinsic stacking fault 328 on every second (111) plane of an fcc lattice. Furthermore, this can be accomplished by a 329 shearing process if the intrinsic faults are bounded by Shockley a/6 <112> partial dislocations. 330
This mechanism, invoked in the fcc→hcp martensitic transformation [30], explains the 331 orientation relationship between the ε and the γ phases experimentally observed in the electron 332 diffraction patterns reported in Fig. 4b . Considering the different families of {111} planes, the 333 presence of different orientations of the columnar structures inside a single melt pool is not 334
surprising. 335
The estimation of the area fraction occupied by the columnar structures with respect to the 336 matrix, obtained by SEM images elaboration, is comparable with the ε-phase volume fractions 337 obtained by XRD spectra analyses. This is in agreement with TEM observations revealing that 338 the columnar structures are due to the aggregation of ε-martensite lamellae. 339
Generally, for a conventional Co-Cr-Mo alloy, the percentage of athermal ε-martensite ranges 340 from 10 vol.% to 15vol.% depending on the chemical composition of the alloy, the solution 341 temperature and time, and the cooling rate [28] . Using only conventionally [31] or laser sintered 342
[17] Co-Cr-Mo powders, amounts of athermal ε-martensite ranging from 30 vol.% to 70 vol.% 343 were produced. The reason for these large amounts was mainly attributed to a large nucleation of 344 ε-embryos promoted by the free surfaces and grain development at powder contact surfaces 345 combined with recrystallization and grain growth within the powder particles, or promoted by 346 the cell grain boundary between the dendritic and interdendritic zone. In our samples, the cellular 347 dendritic morphology was not observed, and the powder particles completely melted during the 348 laser treatment. Thus, it is not possible to invoke in our samples the same mechanisms of 349 nucleation promotion. Furthermore, in the two above-mentioned works, TEM analyses were not 350 performed, therefore it is not possible to compare the distribution and morphology of the ε-351
phase. Comparisons can be performed with the athermal ε-martensite present in conventional 352
Co-Cr-Mo alloys [32] . In such case, the ε-phase forms thick bands inside the fcc-phase. To our 353 knowledge, the formation of an intricate network of thin ε-lamellae, comparable to that of our 354 samples, was never observed before. All this suggests that in the DLMS procedure the cooling 355 rates of the melted powder are so rapid that a lot of lattice defects are formed during 356 solidification, and these defects exactly represent the ε-embryos promoting the martensitic 357
transformation. 358
For completeness, during the samples sintering, the deposited layers were heated as each 359 successive layer was deposited. These heating treatments could have induced isothermal 360 martensitic transformations in the alloy. However, it is reported in literature that the isothermal 361 martensitic formation is accompanied by the formation of discontinuous rows of carbides 362 connected to the negligible carbon solubility in the hcp phase [30, 33] . The spherical carbides 363 present in our samples do not satisfy the features reported above, and they are probably formed 364 during the solidification process. 365
The HRC hardness values reported for the common cast Co-Cr-Mo alloys range from 25 to 35 366 HRC. These values are considerably lower than those measured in the part manufactured by 367 DLMS. Furthermore, it was found that the hardness value exhibits a linear increase at the 368 increasing of the ε phase content [24] . This latter result can be attributed to the growth of the ε-369 phase on the {111} γ planes that restrict dislocation slip in the fcc lattice. Moreover, the 370 dislocation slip in the hcp lamellae is also inhibited by the intersection of these hcp lamellae with 371 other hcp ones or with fcc regions [30] . Therefore, all the aforementioned phenomena and the 372 peculiar intricate network of ε-lamellae experimentally observed in our samples, can explain the 373 high hardness values obtained. In fact, in our samples the ε lamellae grow on the slip plains of 374 the γ-(fcc) phase. The density and the spatial distribution of these ε lamellae enormously restrict 375 the dislocations slip, thus increasing the hardness values of our samples. 376
The presence of metal carbides could even play a role in the strengthening of the alloy by the 377 Orowan mechanism. However, considering the small quantity of carbides observed in our 378 samples, it is more probable that the main mechanism of strengthening is due to the martensitic 379 transformation induced in the alloy by the DLMS procedure. 380
The increased strengthening manifested in the sintered samples along with the microstructure 381 homogeneity observed could make the direct metal laser sintering technique a very useful and 382 powerful procedure to produce surgical implants from Co-Cr-Mo alloys. 383
Future work will involve studies on the correlation between the deposition parameters of the 384 DMLS production process, and the microstructure and the mechanical properties of the final 385 products. Furthermore, additional mechanical tests will be performed on the sintered Co-Cr-Mo 386 samples in order to investigate tensile strength, Young's modulus and elongation. 387 388
CONCLUSIONS 389
In the present paper, we reported on the structural and microstructural characterization of Co-Cr- 2) The phase transformation is an athermal martensitic transformation and produces an intricate 397 network of thin ε-lamellae distributed inside the γ phase. This microstructure was never observed 398 before; 399
3) The large amount of ε-lamellae could be attributed to a large nucleation of ε-embryos 400 promoted by lattice defects formation during the rapid cooling of the melted powder; 401 4) Carbides are present inside the grains of the alloy and are probably formed on solidification; 402
5) The hardness values of the samples, higher than those reported in parts fabricated by different 403 processes, are due to the presence of ε-lamellae grown on the {111} γ planes that restricts the 404 dislocations slip in the γ (fcc) phase. Furthermore, slip in the ε-lamellae is inhibited by the 405 intersection of these hcp lamellae with other hcp lamellae or with fcc regions. 406
6) The DMLS technique could be used to realize surgical implants, where an high degree of 407 personalisation is required, saving money and time with respect to conventional procedures. 408
409
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